Introduction
The genus Thunnus contains eight valid species with a fossil record extending back to the Middle Eocene, about 40 million years ago (Carrol, 1988 , Benton, 1993 . Collette (1978) distinguished tunas into the temperate subgenus Thunnus (bluefin tuna group) and the tropical subgenus Neothunnus (yellowfin group) by the presence or absence of a central heat exchanger. The yellowfin group contains blackfin (T. atlanticus), longtail (T. tonggol), and yellowfin (T. albacares) tunas. Albacore (T. alalunga), bigeye (T. obesus), northern bluefin (T. thynnus & T. orientalis), and southern bluefin (T. maccoyii) tunas are members of the bluefin group. T. obesus shares approximately the same number of characters with each group; however, it is classified as a member of the subgenus Thunnus since the character states consist of adaptations to life in colder environments (Collette, 1978) . Finnerty & Block (1995) explored Thunnus systematics using a portion of the cytochrome (Cyt) b gene. However, only five of eight tuna species were analyzed, and results were insufficient to draw conclusions about relationships within the genus Thunnus. Alvarado-Bremer et al. (1997) constructed phylogenetic relationships among tunas from a portion of the mitochondrial (mt) DNA control region. A Neighbor-joining tree supported monophyletic origins for the temperate subgenus Thunnus and of the tropical subgenus Neothunnus, except for bigeye tuna because it was difficult to place in either subgenus. This result is consistent with allozyme data suggesting that the bigeye tuna has a greater similarity to yellowfin and blackfin tunas than to temperate tunas (Sharp & Pirages, 1978; . Alvarado-Bermer et al. (1997) , Ward (1995) , and Chow & Kishino (1995) suggested that mtDNAs of albacore and Pacific bluefin tunas share a common ancestry. Nevertheless, Sharp & Pirages (1978) and Chow & Kishino (1995) indicated that albacore tunas are highly divergent from all other tunas, suggesting that the Thunnus subgenus is not a monophyletic group. Elliott and Ward (1995) reported that bluefin tunas were much closer to the yellow tuna than to albacore and bigeye tunas, and albacore was the most divergent species in the 65 maccoyii was obtained from the Indian Ocean by Taiwanese fishery observers in 2006 as described by Shiao et al. (2008) . Thunnus thynnus was caught from Martinique waters of the eastern Caribbean Sea in 2008. Tissue specimens of T. atlanticus were supplied by the Florida Museum of Natural History, Gainesville, FL, USA.
Thunnus orientalis sampling
Two sets of muscle tissue samples of T. orientalis were collected from the North and South Pacific Oceans. Forty specimens (T1~T40) were sampled from southeastern Taiwan waters (T) during 2006~2007 and 40 specimens (Z1~Z40) from New Zealand waters (Z) in 2001 by scientific observers on commercial fishing vessels (Fig. 1) . Muscle tissue samples were preserved in 95% ethanol for DNA extraction. 
DNA Cloning

DNA isolation and polymerase chain reaction (PCR) amplification
DNA was extracted as previously described (Kocher et al., 1989) . Two sets of primers and amplification conditions were used to amplify the complete Cyt b gene and control region of mtDNA (Tseng et al., 2009 (Tseng et al., , 2011 . Amplification was performed in a BIO-RAD MJ Mini Gradient Thermal Cycler (Conmall Biotechnology, Singapore). Subsamples (at 10 μL) of amplified products were checked on 0.8% agarose gels to confirm the product sizes.
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DNA purification, transformation, and sequencing
The remaining successful PCR products were purified from agarose gels using a DNA Clean/Extraction kit (GeneMark, Taichung, Taiwan). Isolated DNA fragments were subcloned into the pGEM-T easy vector (Promega, Madison, WI, USA) and transformed into the Escherichia coli JM109 strain. Plasmid DNA was isolated using a mini plasmid kit (Geneaid, Taichung, Taiwan). Twenty individuals from each of the Taiwanese and New Zealand samples of T. orientalis were randomly chosen for cloning followed by sequencing in an Applied Biosystems (ABI, Foster City, CA, USA) automated DNA sequencer 377 (vers. 3.3) with a Bigdye sequencing kit (Perkin-Elmer, Wellesley, MA, USA). The T7 and SP6 primers were used in the sequencing reaction, and PCR cycle parameters for sequencing were 35 cycles of 95 for 30s, 50 for 30s, and 72 for 1 min.
Sequence analyses
Cyt b gene analysis
Interspecific genetic diversities of nucleotides were calculated using MEGA software (Tamura et al., 2007) . GTR+I+G was the best-fitting model for DNA substitutions as determined by the Modeltest 3.7 program (Posada & Crandall, 1998) using the Akaike information criterion (AIC = 5091.39, gamma = 0.5623). The phylogenetic tree of nucleotide sequences was constructed using the Neighbor-joining (NJ) method (Nei & Kumar, 2000) . The confidence of the clusters was assessed using a bootstrap analysis with 1000 replications. Genetic distances between amino acid sequences were estimated using Poisson correction methods (Nei & Kumar, 2000) in MEGA (Tamura et al., 2007) . The phylogenetic tree of amino acid sequences was constructed by the NJ method with an anterior-branch test, and the confidence of the clusters was assessed by 1000 bootstrap replications.
Control region analysis
In total, 40 nucleotide sequences of the mtDNA control region from the two sets of samples (T and Z) were aligned with the program, CLUSTAL W (Thompson et al., 1994) , and verified by eye. All 40 sequences were deposited in NCBI GenBank (with accession nos. JN631171~1190 and JN631211~1230). The number of polymorphic sites including substitutions and indels was estimated using Arlequin vers. 3.1 (Excoffier et al., 2010) . Levels of inter-and intra-sample genetic diversity were quantified by indices of h d and pairwise estimates of nucleotide divergence (d ij ), both among and within samples. The average number of nucleotide substitutions per site (π) and pairwise differences between samples were determined using the DnaSP program (Librado & Rozas, 2009 ). Intraspecific genetic distances were analyzed by Kimura's 2-parameter (K2P) model (Kimura, 1980) . The best-fitting models of substitution were determined using MODELTEST 3.7 (Posada & Crandall, 1998) with the AIC. The TVM+I+G model with gamma = 0.724 and AIC = 5370.36 was chosen as the best-fitting model. Phylogenetic trees were constructed using the NJ method (Nei & Kumar, 2000) , and the confidence of each node of the tree was tested by bootstrapping (Felsenstein, 1985) with 1000 replicates. Nodes with bootstrap values of >70 were significantly supported by a ≥95% probability (Hillis & Bull, 1993) . A minimum spanning tree (MST) was computed from the matrix of pairwise distances between all pairs of 40 haplotypes using a modification of the algorithm described by Rohlf (1973) . An exact test of genetic differentiation between samples was also estimated with F ST (Raymond & Rousset, 1995) with 10 5 steps of a Markov chain.
Genotyping of microsatellites
Genetic variation in T. orientalis samples was estimated with six microsatellite loci: Tth14, -31, -185, -217, -226, and Ttho-4. The primers for these loci were developed by Clark et al. (2004) and Takagi et al. (1999) . PCR cocktails consisted of ~1 ng genomic DNA, 10 pmol reverse primer, 10 pmol labeled forward primer, 25 mM dNTP, 0.05~0.1 mM MgCl 2 , 10× buffer, and 0.5 U Taq polymerase (Takara Shuzo, Tokyo, Japan) made up to a 25-μL volume with Milli-Q water. Forward primers were labeled with the FAM, TAMRA, or HEX fluorescence markers. Polymerase chain reaction (PCR) amplifications were carried out in a BIO-RAD MJ Mini Gradient Thermal Cycler (Conmall Biotechnology, Singapore) programmed with the following schedule: 1 cycle of 95°C for 4 min, followed by 35 cycles of 94°C for 30s, annealing at 52~60 for 30s, and 72 for 30s. Each 5 μL of PCR production from three loci labeled with different fluorescence tags, was mixed and precipitated with 95% alcohol. Semiautomated genotyping was performed using a capillary MegaBACE-500 DNA analysis system (Amersham Biosciences, Piscataway, NJ, USA). Genotypes were scored with Genetic Profiler 1.5 (Amersham Biosciences). The overall genotype success rate was 100%. The size of each allele was checked by eye, and the Micro-checker software package (Van Oosterhout et al., 2004 ) was used to correct genotyping errors, such as nonamplified alleles, short allele dominance, and scoring of stutter peaks.
Microsatellite genotypic analyses
The total number of alleles (n a ), allelic frequencies, and Shannon index were estimated for each locus using the program POPGENE (Yang & Yeh, 1993) . Observed (H O ) and expected (H E ) heterozygosities were calculated for each locus (Raymond & Rousset, 1995) . Deviations from Hardy-Weinberg equilibrium (HWE) were examined by an exact test using GENEPOP (Raymond & Rousset, 1995) . Genetic differentiation between samples was characterized using F ST and R ST values as implemented in ARLEQUIN 3.1 (Schneider et al., 2000) . A factorial correspondence analysis was performed with GENETIX (Belkhir et al., 1996 (Belkhir et al., -2004 to plot multilocus genotypes of the two samples in two dimensions.
Results
Genetic variations and genealogy of the Cyt b gene
The mitochondrial Cyt b gene was completely sequenced for all eight tuna individuals examined. Of the 1141 aligned base pairs, 20 sites were singleton variable and 45 sites were parsimoniously informative. The Cyt b g e n e c l o n e d f r o m T. tonggol and homological sequence EF141181.1 shared an identical sequence. Some individual nucleotide compositions only appeared in specific species except T. thynnus (Fig. 2) 
D-Loop genealogy
In total, 52 mutations were shared among the samples, and no fixed differences occurred in particular samples. Forty-one mutations were polymorphic in sample T, but monomorphic in sample Z. In contrast, 49 mutations were polymorphic in sample Z, but monomorphic in sample T. The average number of nucleotide differences between these two samples was 19.79. The average number of nucleotide substitutions per site between these two samples (D xy ) was 0.023. Nucleotide ratios of the control region displayed a very high AT-rich composition (62% Long fragments, 865~876 base pairs (bp), containing the entire mtDNA control region were successfully amplified. Following alignment, the consensus nucleotide sequence for all specimens of T. orientalis was 894 bp long. Forty different sequences were found in the 40 individuals from T and Z samples with a very high haplotype diversity (100%). The number of different nucleotides ranged 2 (T5 vs. T6) to 31 (T1 vs. Z28) (Fig. 4) . The nucleotide diversity (d ij ) among sequences ranged 0.002 (T9 vs. Z19) to 0.040 (T1 vs. Z29) with an average of 0.023 ± 0.008 (Table 2 ).
K2P genetic distances among different haplotypes ranged 0.002~0.042 with an overall average of 0.023 ± 0.003. The average number of nucleotide differences among all specimens was 16.879 ± 2.068. The d ij between these two samples was 0.023 ± 0.002. Genetic distances ranged 0.002 (T5 vs. T6) to 0.035 (T1 vs. T19), with an average of 0.021 in sample T, and ranged 0.003 (Z19 vs. Z33) to 0.035 (Z13 vs. Z29) with an average of 0.02 in sample Z. The topology of the NJ tree was estimated using the entire dataset with a non-significant geographical group (Fig. 5) . Specimens from both sets of samples were scattered throughout the NJ tree. The pairwise F ST value between these two samples was 0.009 (p = 0.244). These results indicated that no specimens of T. orientalis exhibited genetic differentiation. The MST was computed from a matrix of pairwise distances between all pairs of haplotypes of T. orientalis (Fig. 6) . Two central haplotypes were found in the MST (T15 and T11), and most of haplotypes were located at the tip of the MST. 
Microsatellite diversity
All six microsatellite loci were scored in these two sets of samples of T. orientalis, which had high levels of polymorphism (Fig. 7) . The number of alleles per locus ranged 4 (Tth 185) to 19 (Tth 217) with an average of 10.50 ± 5.32 (n = 80). Shannon's information index (I) estimated for different loci ranged 0.906~2.165 (mean, 1.501 ± 0.410) in sample T, and 0.693~2.544 (mean, 1.632 ± 0.624) in sample Z. Mean numbers of alleles (na) per locus were 7.833 ± 3.833 for sample T and 9.833 ± 5.565 for sample Z (Table 3) . T1  T5  T6  Z13  Z38  Z15  Z35  Z39  Z11  T22  T23  T24  T7  Z31  Z20  Z24  T9  Z19  Z33  Z36  Z3  Z21  T18  Z34  T17  T21  T25  T16  T19  Z32  T4  Z8  T10  Z27  T3  Z29  T2  T15  Z28 (Table 3 ). Nei's genetic identity and genetic distance between the two samples were 0.978 and 0.222. Shannon's information index ranged 0.818 (Tth-185) to 2.435 (Tth-217) with an average of 1.609 ± 0.528. Permutation tests for linkage disequilibrium among the six loci for the two samples revealed only very slight disequilibrium for the entire dataset (D IT 2 = 0.009). The genetic differentiation index, F ST , ranged 0.001 (locus Tth-14) to 0.016 (locus Tth-31) within loci and averaged 0.076. F ST and R ST values between these two samples were 0.003 (p = 0.243) and 0.019 (p = 0.099), respectively. A factorial correspondence analysis showed that these two samples had distributions that almost completely overlapped to a great extent (Fig. 8) . 
Discussion
Interspecific divergence
In the past, tuna species identification was attempted using several different nuclear and mitochondrial markers. However, those results produced various conclusions, until Viñas & Tudela (2009) used a validated methodology for genetic identification of Thunnus species. They indicated that the combination of two genetic markers, one mitochondrial CR and another nuclear ITS 1, allowed full discrimination among all eight tuna species. In this study, we found that the Cyt b gene is also a well-established marker to distinguish Thunnus species, and it has been widely used in taxonomic studies of marine fishes in general (Johns & Avise, 1998) . In a previous report, Block et al. (1993) Some specific nucleotide sites are valid for species identification of Thunnus tunas. Moreover, all eight subcloned and seven reference sequences had significant clusters among species, suggesting that the Cyt b gene is a useful marker for distinguishing Thunnus species. However, the identification of hybrid individuals is still difficult when a single genetic marker, such as Cyt b, is used. This implies that when one needs to verify equivocal tuna specimens, both nuclear and mitochondrial DNA should simultaneously be applied for identification.
Thunnus phylogeny was clarified on the NJ tree of the Cyt b gene. Two significant groups were present on the NJ tree with high bootstrapping values. Results indicated that T. alalunga and T. orientalis are sister species and share a recent common maternal ancestor, which is consistent with previous reports from Alvarado-Bermer et al. (1997 ), Ward (1995 , and Chow & Kishino (1995) . Thunnus thynnus and T. maccoyii have a closer relationship as do T. atlanticus and T. albacares with high boostrapping value support in the NJ tree. Moreover, the NJ tree supports monophyly for the tropical yellowfin group, but not for the temperate bluefin group. This is similar to results from report which indicated that some bluefin tunas were much closer to the yellow tuna than to albacore and bigeye tunas. In summary, these data suggest that the phylogeny of Thunnus species does not fit into the current two-subgenera Thunnus and Neothunnus classification pattern. (1993) used a partial sequence of the Cyt b gene to draw an NJ tree and suggested that T. alalunga is the presumed most primitive species. In our study, two groups in the Cyt b genealogy seemed to have evolved in parallel. It is difficult to infer which species is the most ancestral species in Thunnus according to our NJ tree. The difference between a previous report by Block et al. (1993) and our results may have resulted from various sampling and sequence completeness. However, in this study we sequenced the entire Cyt b gene from all Thunnus species. Chow et al. (2003) used the mtDNA ATCO sequence to analyze Thunnus phylogeny and suggested that T. alalunga and T. orientalis should be sister species which was consistent with our results. According to these results, we suggest that bluefin tunas had a more-divergent origin.
Intraspecific divergence
The mtDNA CR of T. orientalis was AT-rich and similar to those of many other fishes. Short tandem repeat sequences were reported in the CR of some fishes (Ishikawa et al. 2001 ), but not in Thunnus species, except in T. orientalis (Alvarado-Bremer et al. 1997 ). In T. orientalis, double repeated sequences were present in 6/40 specimens and indicated that tandem repeat sequences may be a derived character in Thunnus species. Most of the central haplotypes in the MST were from sample T, while most individuals from sample Z were located at the terminus. Most of the haplotypes were located at the apex of the tree which is considered to be the result of adaptive radiation.
There is plenty of evidence to show a lack of differentiation in T. orientalis between Taiwanese and New Zealand waters. For one thing, the genetic distance of CR between the T and Z samples was equal to the mean genetic distances within samples. What is more, the CR had a lower Fst between the two samples with an insignificant probability. One final point, the NJ topology for the CR did not show a clear geographical grouping, and all haplotypes from samples T and Z were scattered within the NJ tree and MST. It should be concluded, from what was said above, that the null hypothesis of specimens from Taiwanese and New Zealand waters being taken from a single population cannot be rejected.
The mean H O and H E values were very similar between the T and Z samples. Low and nonsignificant genetic differentiation indices of Fst and Rst between these two samples indicated that individuals of T. orientalis belong to the same population, and no individuals could be assigned to a specific group according to the factorial correspondence analysis. Both mtDNA and microsatellite results led to the conclusion that the lack of genetic differentiation between the T and Z samples of T. orientalis is consistent with a "one-stock" hypothesis. In other tuna species DNA studies have revealed little intra-specific divergence within, but significant divergence between ocean basins. In bigeye tuna (T. obesus) DNA markers showed no divergence among population samples from the western Pacific Ocean (Chiang et al., 2006) , but high divergence among Atlantic and Indo-Pacific populations (Chow et al., 2000; Chiang et al., 2006; Martinez et al., 2006) . Similarly, in albacore tuna (T. alalunga) no genetic differences were detected among samples from the Northwest Pacific Ocean (Wu et al., 2009 ), but significant differences were reported among Atlantic andand Pacific Oceans (Grewe et al., 1997) , as expected for a species with a single spawning ground in the Java Sea. In contrast, in the Atlantic bluefin tuna (T. thynnus) no spatial genetic heterogeneity was detected among samples in the eastern Atlantic Ocean (Pujolar et al., 2003) , but populations from the Gulf of Mexico and the Mediterranean were genetically distinct (Boustany et al., 2008) . In recent decades, many wild organisms have experienced many environmental and harvesting effects that have led to population declines. For example, the abundance of juveniles of the freshwater eel Anguilla japonica Temminck & Schlegel, 1846 has decreased since 1970 due to climate change and overfishing (Dekker, 2003) . The spawning stock of Atlantic bluefin tuna in the western Atlantic declined by ~50% between 1970 and 2000 (Porch, 2005) . Southern bluefin tuna T. maccoyii is now in a depleted state. Historically, the stock was exploited for more than 50 years, with total catches peaking at 81,750 tons in 1961. However, the spawning stock was estimated to be around 10,000~20,000 tons in the previous 10~20-year period with a historically and critically low level (CCSBT, 2010) . Currently Pacific bluefin tuna exhibits a high level of genetic polymorphism and population states under mutation-drift equilibrium, but significant catch decreases have occurred in the last decade due to overexploitation. Therefore, it is necessary to monitor the genetic diversity of the Pacific bluefin tuna population over a long period of time in the future.
Conclusions
The Cyt b gene is a well-established marker to distinguish Thunnus species. The genealogy of Cyt b suggested that T. orientalis and T. alalunga are sister species with a high bootstrapping value and supported monophyly of the tropical yellowfin group, but not of the temperate bluefin group. The phylogeny of Thunnus species does not fit into the current two-subgenera Thunnus and Neothunnus classification pattern. The mtDNA CR of T. orientalis shows that a lack differentiation in T. orientalis from Taiwanese and New Zealand waters is consistent with a "one-stock" hypothesis.
